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SUMMARY 

Type 30OM steel was subjected to a wide range of quenched and tempered 
heat treatments. The plane-strain fracture toughness and the tensile ulti- 
mate and yield strengths were evaluated. 
were obtained for conventionally heat-treated steel. The microstructure of 
a l l  heat-treated test coupons was studied both optically and by transmission 
electron microscopy. 
electron microscopy. 

Cryogenic mechanical properties 

Fracture surfaces were studied by means of scanning 

Results indicate that substantial improvement in toughness with no loss 

Low fracture toughness in conventionally 
in strength can be accomplished in quenched and tempered steel by austenitiz- 
ing at 1255 K (18000 F) or higher. 
austenitized 300M steel (1144 K (16000 F)) appears to be caused by undissolved 
precipitates, seen both in the submicrostructure and on the fracture surface, 
which promote failure by quasi-cleavage. These precipitates appeared to dis- 
solve in the range 1200 to 1255 K (1700O to 1800O F). 

INTRODUCTION 

The correlation of microstructure with mechanical properties of struc- 
tural materials has been a topic of interest for many years, attracting the 
attention of numerous workers (refs. 1 to 20). Most of these studies have 
been focused primarily on either mechanical properties or microstructural 
details, and as a result, many ambiguities and unresolved questions remain: 
It is believed to be of utmost importance that equal emphasis be placed on 
both microstructure and mechanical behavior; the present investigation was 
undertaken with this dual emphasis as its cornerstone. 

Type 300M steel has been selected for the landing gear on the NASA Space 
Shuttle Orbiter as well as on many conventional aircra'ft. 
its heat treatment to obtain the best combination of strength and toughness 
is of practical importance. Considerable research has already been conducted 
on 300M steel (refs. 10 and 21 to 241, but these studies have not dealt with 
the entire spectrum of available heat treatments. The present research is an 
attempt to add to these earlier studies by exploring in depth the influence 
of conventional quenching and tempering treatments1 over as wide a tempera- 
ture range as is practical for steels. In addition, to clarify the relative 
contributions of grain size and undissolved particles to fracture toughness, 
a dual-austenitizing treatment designed to produce both large grains and un- 
dissolved particles was investigated. 
relatively large section thicknesses were used throughout the study. 
fluence of each heat treatment was evaluated in terms of (1) the tensile 

Hence, optimizing 

To approximate industrial applications, 
The in- 



strength and fracture toughness and (2) the microstructure and fracture sur- 
face morphology. Limited testing was performed at cryogenic temperatures. 

On the basis of the results thus obtained, explanations are offered as 
to the mechanisms responsible for the observed mechanica1,behavior. Heat 
treatments that should give an optimum combination of strength and toughness 
in practical applications are also recommended. 

The heat treatments were performed by Advanced Technology Center, Inc., 
Dallas, Texas, under the direction of Dr. Roger D. Goolsby. Dr. Raghavan's 
contributions to this research were made possible through an NASA-sponsored 
NAS/NRC Postdoctoral Resident Research Associateship. 

As an aid to the reader, where necessary the original units of measure 
have been converted to the equivalent value in the Systeme International 
d'unites (SI). 
written parenthetically thereafter. 

The SI units are written first, and the original units are 

- 
EXPERIMENTAL PROCEDURE 

Materials and Heat Treatment 

The 300M steel used in the present study was obtained from a vendor2 
and met the specifications of AMs-6416. 
ical composition given by the manufacturer as 0.41 carbon, 1.65 silicon, 0.65 
manganese, 0.002 sulfur, 0.008 phosphorus, 0.78 chromium, 1.10 vanadium, 1.77 
nickel, and 0.42 molybdenum. 
of steel were obtained in two different forms: 
( 3  by 0.5 inch) section bar stock and (2) 0.0762- by 0.0254-meter ( 3  by 1 inch) 
section bar stock. All material had been normalized at 1183 K (1670O F) for 
1 hour before delivery. 

It was vacuum arc melted with a chem- 

Approximately 2.3 x lo5 grams (500 pounds) 
( 1 )  0.0762- by 0.0127-meter 

konventional quenching and tempering refers to that treatment wherein 
a steel object is first heated to a temperature high enough to convert the 
structure to the face-centered-cubic or austenite phase. 
directly into an oil bath at approximately 323 K (120O F). 
performed by heating the steel to a temperature slightly above room tempera- 
ture but below the austenite transformation temperature. Usually, the piece 
of steel is heated in this manner for 2 hours, quenched into oil, and then 
reheated and quenched a second time under the same conditions. For conven- 
ience, the tempering treatments are often given an abbreviated description 
such as "2 plus 2 at 6000 F" (2 hours at 589 K (6000 F) - quenched into oil - 
2 hours at 589 K (600O F) - quenched into oil). 

2Latrobe Steel Company, Latrobe, Pa. 

It is then quenched 
Tempering is then 

15650. 
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For the single-austenitizing heat treatments, specimens were austeni- 
tized for 1 hour in a vertical tube furnace in a continuously flowing helium 
atmosphere. 
which was verified by hardness readings taken over the entire length of a 
tensile sample. Heated samples were directly quenched in oil at room tem- 
perature and double tempered (2 plus 2 hours) in a salt bath (oil quenched 
after each tempering treatment). Temperatures used were as follows. 

This furnace had a uniform heat zone of 0.3 meter (12 inches), 

Austenitizing 
temperature, 

K (OF) 

1144 (1600) 
1255 (1800) 
1366 (2000) 
1477 (2200) 

Tempering temperature 
for each austenitizing 

temperature, 
K (OF) 

Un t empe r ed 
477 (400) 
589 ( 600 1 
700 (800) 
81 1 ( 1000) 

The dual-austenitizing experiments involved heat treating specimens 1 
hour at 1477 K (2200O F) in a vertical tube furnace, dropping them directly 
into a second tube furnace held at 1144 K (1600O F) for 1 hour, and finally 
oil quenching them to room temperature. Subsequently, these specimens were 
tempered the same way as the single-austenitized specimens. 

Test Specimens and Test Procedures 

Compact tension fracture toughness specimens conforming to standards 
of the American Society for Testing and Materials (ASTM) were used for frac- 
ture toughness evaluation. Specimens were machined from both sizes of bar 
stock in the long transverse orientation. 
from the same material and had nominal square cross sections of either 0.0127 
by 0.0127 meter (0.5 by 0 . 5  inch) or 0.0254 by 0.0254 meter (1 by 1 inch). 

The tension specimens were machined 

Fracture tests were performed using a crack-opening displacement gage 
following the procedure outlined in ASTM E399-72 (revised). A 0.0254-meter 
( 1  inch) extensometer (10 percent strain calibrated) or a strain gage (or 
both) were mounted on the gage section of the tension specimens to record 
strain during the tests. 

In the cryogenic tests, specimens were cooled in an insulated chamber by 
a continuous flow of liquid nitrogen through copper tubes in the chamber. 
Temperature stability was obtained by controlling the flow of liquid nitrogen 
with a control band of 23 K (+5O F). 
ling two thermocouples; one measured the ambient temperature in the chamber 
and the other (bonded onto the specimen) measured the specimen temperature. 

The temperature was monitored by instal- 
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Metallography and Electron Microscopy 

Specimens for optical microscopy and transmission electron microscopy 

Specimens for TEM were prepared by thinning specimens chemically to 
meter (0.005 inch) and jet polishing them to perforation 
These specimens were examined in a JEM 7 electron microscope using 

(TEM) were carefully cut from the grip section of the tested tensile speci- 
mens. 
1.27 x 
(ref. 25). 
a 100-kilovolt electron gun potential. Fracture toughness failure surfaces 
were cleaned by repeated washings with acetone, dried, and examined directly 
in a Cambridge Sterescan S4 scanning electron microscope using a 30-kilovolt 
electron gun potential. 
coating with approximately 30 nanometers (300 angstroms) of gold. 
observed using a 20-kilovolt potential. 

High-resolution fracture surfaces were prepared by 
These were 

RESULTS 

Mechanical Properties 

The discussion of mechanical properties results consists of quenching 
and tempering effects, dual-austenitizing treatments, and cryogenic tests. 

Quenched and tempered steels.- Figures 1 to 3 are plots based on single- 
point data of the effect of tempering on the strength and toughness of the 
steel. The fracture toughness and the ultimate strength were observed to 
be independent of thickness so that figures 1 and 3 represent the response 
of both sample groups. It was impossible to combine all the yield strength 
results from the 0.0127-meter (0.5 inch) bar stock with those of the 0.0254- 
meter (1 inch) material. Actual data from which these curves were derived 
are presented in tables I and 11. One can readily see from figure 1 that 
it is possible to separate the specimens into two groups based on the frac- 
ture toughness response of the steel to tempering temperature. For conven- 
ience, specimens quenched from 1144 K (16000 F) will be referred to as class 
A specimens and a11 those quenched from higher temperatures will be referred 
t o  as class B specimens. 

The curves indicate the following conditions. Fracture toughness of the 
class A specimens increases monotonically with tempering temperature; this 
increase is very gradual below 700 K (800O F). 
ness of the class B specimens increases rapidly with tempering temperatures 
to approximately 477 K (400O F) but then declines sharply, reaching a minimum 
in toughness at approximately 700 K (8000 F) , and finally increases- again 
with higher tempering temperatures to 811 K (lOOOo F). 
ences between these two classes of specimens were observed in the tensile 
properties shown in figures 2 and 3. 
strengths with tempering temperatures to 589 K (600O F), with mixed behavior 
at higher temperatures, The ultimate tensile strengths invariably decreased 
with higher tempering temperatures. 
with earlier work (refs. 6 and 22) done on 300M steel. 

In contrast, fracture tough- 

No parallel differ- 

All specimens showed increasing yield 

The results are in partial agreement 
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It is important to note at this stage that most of the data published on 
toughness have been obtained using Charpy V-notch tests. Though there is no 
direct quantitative correlation between published Charpy values and the pres- 
ent plane-strain fracture toughness values, a reasonable qualitative compar- 
ison can be made in many cases. Bucher et al. (ref. 22) studied the impact 
energy of 30OM steel austenitized 1 hour at 1177 K (1660O F), oil quenched, 
and tempered 2 hours at 505 K (4500 F), 602 K (6250 P), 661 K (7300 F), 744 K 
(8800 F), and 866 K (11000 F). 
of tempering temperature was similar to those of the class B specimens (fig. 1). 
Baker et al. (ref. 6) evaluated the plane-strain fracture toughness of 300M 
steel using round tensile specimens that were circumferentially notched and 
fatigued before testing. Their heat treatment consisted of austenitizing 
0.5 hour at 1200 K (17000 F), oil quenching, and tempering as long as 4 hours 
at temperatures ranging from 477 K (400O F) to 866 K (1100O F) followed by 
air cooling. Contrary to the Bucher et al. results, Baker et al. found a mono- 
tonic increase of toughness with tempering temperature similar to the behavior 
of the class A specimens. 

Their curve of impact energy as a function 

The effect of austenitizing temperature on the fracture toughness of the 
steel for selected tempering temperatures is shown in figure 4. The interest- 
ing feature is the dependence of the curve slopes on tempering temperature. 
Fracture toughness of as-quenched specimens and specimens tempered at 700 K 
(800O F) were relatively unaffected by austenitizing temperature. 
of the specimens tempered at 477 K (400O F) and 589 K (600O F) increased with 
austenitizing temperature, whereas specimens tempered at 811 K (lOOOo F) showed 
a decrease in toughness. This result suggests that the effects of austeni- 
tizing temperature and tempering temperature on toughness are interrelated. 

Toughness 

Dual-austenitizing treatments.- Results from the fracture toughness tests 
of the dual-austenitizing treatments are shown in figure 5 alongside the re- 
sults from the 1477 K (2200O F) single-austenitizing heat treatments. 
similarity in the responses to these two treatments is evident. 

The 

Cryogenic tests.- Cryogenic mechanical properties were obtained to fa- 
cilitate proof testing of landing gear components at low temperatures. 
tests should permit screening of flaws smaller than those identifiable by 
room-temperature proof testing. Both tension and fracture toughness tests 
were conducted at a series of cryogenic temperatures down to approximately 
100 K (-280O F). 
of tensile properties to the test temperatures was a gradual increase with 
decreasing temperature, whereas the toughness values decreased rapidly with 
decreasing temperature. 

Such 

The test results are plotted in figure 6. The response 

Microscopy 

The microscopy results include quenching and tempering tests and frac- 
tography .. 

Quenched and tempered steels.- The austenitic grain size progressively 
increased with austenitizing temperature, as indicated in table 111. Optical 
metallography also revealed-that- the martensitic plate size increased with 
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increasing austenitic grain size. 
revealed four significant features. 

Electron microscopy of the specimens 

1. All class A specimens but no class B specimens contained evenly 
distributed undissolved ellipsoidal particles. 

2. The martensitic substructure in all specimens consisted of laths and 
plates, and very few of the plates exhibited midrib twinning. 

3. Autotempering was prevalent in the martensitic substructure. 

4. Untransformed austenite was found at the lath and plate boundaries. 

These structural features will be discussed in order. 

The undissolved ellipsoidal particles, observed only in class A speci- 
mens, varied in size, with diameters ranging from 100 to 200 nanometers (1000 
to 2000 angstroms). Their structure was identified by electron diffraction 
as face-centered cubic with a lattice parameter of 1.05 nanometers (10.5 ang- 
stroms). Unfortunately, this structure could not be correlated with any known 
and reasonable second-phase material. Figure 7 is a bright field image of a 
class A specimen in the as-quenched condition showing these undissolved parti- 
cles. They were found inside the laths and plates and also at their bounda- 
ries. Specimens austenitized at 1255 K (1800O F) and above did not contain 
such particles, an indication that austenitizing at 1144 K'(16000 F) places 
the steel either in the austenite plus "unidentified phase'' region or barely 
within the austenitic region. Furthermore, from the dual-austenitizing treat- 
ment study it was discovered that the particles had not reprecipitated at 
1144 K (1600O F) after 1 hour at 1477 K (2200Q F). This indicates that the 
austenite phase boundary in 300M steel is probably slightly below 1144 K 
(16000 F), and 1 hour of austenitizing is insufficient to dissolve the parti- 
cles. 

The martensitic substructure consisted mainly of plates and laths and 
very few partly twinned plates. 
site already have been established by previous workers (refs. 8, 26, and 27) 
and need no amplification here. 
than 5 percent of the martensitic plates were twinned) in both class A and 
class B specimens. The dissolution of the unidentified austenitic particles 
in class B specimens was not accompanied by any observable change in marten- 
sitic substructure. As previously mentioned, only the martensite plate size 
increased with increasing austenitic grain size. 

The morphological classifications of marten- 

The extent of twinning was low (i.e., less 

Autotempering was extensive in class A and B specimens, and almost every 
plate and lath exhibited €-carbides (autotempered carbides). Identification 
of these carbides was possible only by trace analysis. 
compared to the previously mentioned ellipsoidal particles and may be seen 
faintly as thin platelets in figure 7. The size of these carbides was the 
same in both class A and class B specimens. 

They were very fine 

The presence of retained austenite in the as-quenched martensite has 
been reported by earlier workers (refs. 28 and 29). In the present study, 
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this retained austenite occurred in such low amounts that conventional X-ray 
diffraction techniques barely revealed its presence. The austenite, in most 
cases, outlined the lath and plate boundaries and occurred in thin platelets 
in some instances. The austenitic phase in the bright field image could not 
be discerned; however, selected area diffraction patterns supplemented by dark 
field studies confirmed its presence. Figure 8 contains bright and dark field 
images of a specimen quenched from 1144 K (16000 F). The reversal of contrast 

Extensive observation showed that the extent of the interlath and plate austen- 
ite was quite comparable in class A and B specimens, and no significant dif- 
ferences in the quantity of retained austenite could be detected. 

of austenite in a dark field was obtained by imaging the (200)~ reflections. 3 

Tempering of the steel produced analogous changes in microstructure in 
class A and B specimens. 
tion plus growth of the €-carbide platelets in all the specimens, as typified 
by figure 9. Retained austenite was still present at the boundaries and could 
be readily observed in the structure. It appears that the onset of &-carbide 
decomposition to cementite occurs at approximately 589 K (600O P). Tempering 
at 700 K (8000 F) resulted in significant changes. 
to be cementite, and they were partly spheroidized. The most striking change 
was the decomposition of most of the retained austenite at the lath boundaries 
to cementite and, presumably, ferrite. Thus, a network of lath boundary car- 
bides was found. Figure 10 contains the bright and dark field images of a 
class A specimen tempered at 700 K (800O F) showing discrete cementite precip- 
itates at the lath boundaries. Isolated instances of retained austenite could 
also be found. 

Tempering at 477 K (400O F) resulted in precipita- 

The carbides were found 

Tempering at 811 K (10000 F) spheroidized the cementite, and those sphe- 
roids were observed in the matrix and the boundaries as shown in figure 11. 
No evidence of recrystallization of martensite or rearrangement of disloca- 
tions was obtained. Retained austenite was totally absent. 

The general response of 300M steel to tempering is in accordance with 
published results. The relatively high silicon content of this steel renders 
the tempering reaction sluggish (ref. 30).  Hence, the carbides were predomi- 
nantly €-carbides, and the third stage of tempering is initiated at the rel- 
atively high tempering temperatures of 589 t o  700 K (6000 to 8000 F). 
at low tempering temperatures of 477 to 589 K (400O to 600° F), €-carbide is 
the dominant carbide in both class A and class B specimens. 

Thus, 

Fractography.- Figure 12 contains a series of fractographs of the tested 
fracture toughness specimens quenched from 1144, 1255, and 1477 K (16000, 
18000, and 22000 F). The fracture morphology is radically different between 
class A and class B specimens. Class A specimens showed a mixture of quasi- 
cleavage and dimpled rupture in proportions depending on the tempering temper- 
ature. No intergranular failure was observed at any tempering temperature. 

3Circles scribed on the imaging screen of the microscope corresponding 
to the d-spacings of the (lll)y, (llO)Ct, and (200)y reflections greatly facil- 
itated identification of austenite reflections in the diffraction pattern. 
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Class B specimens also failed by a mixture of quasi-cleavage and dimpled rup- 
ture in the tempering range of 477 to 589 K (400O to 600° F) but with some- 
what less quasi-cleavage than class A specimens. In sharp contrast, class 
B specimens tempered at and above 700 K (8000 F) failed by an intergranular 
mode. In each case, the fractographs were compared with the optical micro- 
graphs to verify that intergranular failure was indeed along the prior aus- 
tenite grain boundaries. 

A limited number of high-resolution fractographs were prepared by gold 
coating the fracture surfaces. These were examined for evidence of the 100- 
to 200-nanometer (1000 to 2000 angstrom) particles that had been observed 
in class A samples by TEN. Particles of the proper size were found concen- 
trated on the quasi-cleavage regions of class A specimens (fig. 13). They 
were never found on the dimpled rupture regions. Similar but smaller (50- 
nanometer (500 angstrom)) particles were found on the fracture surface of 
a sample austenitized at 1200 K (17000 F). These particles were also local- 
ized in the quasi-cleavage region. Only one quasi-cleavage region was found 
on the class B sample observed, and it also had 50-nanometer (500 angstrom) 
particles. 
pered at 589 K (600O F). 
have been a result of the smaller area available for observation. The frac- 
ture surface studied was approximately 2000 times larger than a typical TEM 
region. 

This sample had been austenitized at 1255 K (18000 F) and tem- 
The fact that no particles were seen in TEM must 

DISCUSS ION 

Significant Observations 

The most significant observations from the present research are the 
following. 

1. Tempering in the range of 477 to 589 K (4000 to 600° F) produced 
substantially higher toughness in class B specimens than in class A speci- 
mens. 
opposite effect. 
of toughness as a function of tempering temperature for class B specimens. 

Conversely, tempering at 700 to 811 K (800O to 1000° F) produced the 
Tempering at 700 K (8000 F) produced a minimum in the curves 

2, The microstructure of both classes as determined by transmission 
electron microscopy was qualitatively alike. After tempering at tempera- 
tures below 700 K (800O F), the structure consisted of a uniform dispersion 
of E-carbide in lightly twinned martensite with small amounts of austenite in 
the lath and plate boundaries. After tempering at or above 700 K (800O F), 
the E-carbide transformed to cementite and the retained austenite transformed 
to ferrite and cementite. However, the following differences were noted be- 
tween class A and class B specimens. 

a. Class A samples were found to have undissolved ellipsoidal par- 
These appeared to be completely dissolved in the class B specimens. ticles. 

Dual-austenitizing treatment from 1477 to 1144 K (2200O to 1600O F) did not 
cause particles to reprecipitate. 
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b. The quasi-cleavage regions of fracture surfaces of class A sam- 
ples contained high concentrations of particles similar in appearance and 
size to the undissolved ellipsoidal particles. 

c. Austenite grain size increased with increasing austenitizing 
As a consequence, the martensite plates were also larger at temperature. 

higher austenitizing temperatures. 

3.  Fracture surfaces were ductile and transgranular except for class B 
specimens tempered at or above 700 K (8000 F). 
cleavage. 

These failed by intergranular 

As-Quenched Structure 

Some recent studies (refs. 23 and 31) indicate that use of a higher aus- 
tenitizing temperature followed by oil quenching, but no subsequent tempering, 
provides high toughness in some commercial steels. The present work cannot 
confirm these results for 30024 steel. In fact, excessive brittleness of all 
the as-quenched specimens posed great difficulty in avoiding premature fail- 
ure of the fracture toughness specimens during the fatigue precracking phase 
before testing. Optical and transmission electron microscopy results have 
shown that the as-quenched structure is uniformly martensitic with small amounts 
of austenite at the lath and plate boundaries. No other transformation occurs 
at the grain boundaries during quenching. 
specimens showed transgranular failure, it follows that austenite at the lath 
and plate boundaries does not lessen brittle failure in the as-quenched condi- 
tion. The transgranular nature of the as-quenched fracture toughness specimen 
also rules out any possibility of impurity segregation at the grain boundaries 
as suggested by McMahon (ref. 321, who observed intergranular failure in as- 
quenched specimens. 
ness of the as-quenched steel. 

Because all the as-quenched fracture 

Thus, the austenite grain size has no effect on the tough- 

Quenched and Tempered Structures 

The discussion of quenched and tempered structures includes specimens 
subjected to tempering temperatures below 700 K (8000 P) and specimens sub- 
jected to tempering temperatures of 700 K (800O F) and higher. 

Tempering temperatures below 700 K (800O F).- The effect on toughness of 
microstructural changes accompanying austenitizing temperatures can be evalu- 
ated from table I11 and figures 1 and 4. 
ture caused an increase in austenitic grain size and, between 1144 K (1600O F) 
and 1255 K (18000 F), resulted in dissolution of the particles discussed pre- 
viously, Specimens tempered at 477 K (4000 F) and 589 K (6000 F) increased 
in toughness with an increase in austenitizing temperature; the most pronounced 
improvement occurred concurrently with the dissolution of the second-phase 
particles. Thus, it appears possible that the second-phase particles facili- 
tated crack propagation in the tempered class A specimens, and their removal 
resulted in higher toughness. Improvement in toughness with increasing aus- 
tenite grain size has been noted earlier (refs. 23 and 311, and some of the 

Increase of austenitizing tempera- 

9 



increase in toughness with incteasing austenitizing temperature can be at- 
tributed to this effect. 
austenitizing temperature. 

As-quenched toughness is relatively unaffected by 

The results of the reported study show that twins in martensite are not 
sufficient to cause low toughness. 
sess comparable but low amounts of twins, and the toughness responses are 
widely different. 
ness of the steel either in the as-quenched condition or in the quenched and 
tempered condition. The structure that produced the highest toughness values 
consisted of uniform &-carbide precipitates in a martensitic matrix. Reports 

Both class A and class B specimens pos- 

Furthermore, a low level of twinning does not promote tough- 

by Lindborg and Averbach (ref. 33) and Liu (ref. 15) showed that coherency 
strain associated with 
tard the crack growth as much as the cementite precipitate does in a bainitic 
structure. The present results show that the toughness of the martensitic 
structure with &-carbide precipitates is high in the absence of undissolved 
precipitate particles. The question that remains unanswered relates t o  the 
brittleness of the untempered martensitic structure. The as-quenched micro- 
structure consisting of a fine dispersion of autotempered 
martensitic matrix was brittle. Tempering at 477 K (400O F) caused only the 
&-carbide precipitates to grow, but the toughness of the steel improved ap- 
preciably. The reason for this behavior is still unclear. It can be specu- 
lated that the €-carbide formed during quenching depletes the carbon locally 
and thus renders the carbide/matrix interface weak. Tempering at 477 K (400O 
homogenizes the carbon and leaves behind no such weak interfaces. 

&-carbide is fairly isotropic and hence does not re- 

&-carbide in a 

F) 

Tempering temperatures of 700 K (800O F) and above.- The low toughness 
of class B specimens after tempering at 700 K (8000 F) or higher can possibly 
be explained in the same manner as "350O C embrittlement'' (refs. 32 and 34 to 
37). The observed decohesion along prior austentite grain boundaries clearly 
suggests that the micromechanism (or micromechanisms) initiating the failure 
is definitely at the grain boundary rather than in the matrix. The current 
understanding of the embrittlement involves a dual mechanism. During austen- 
itization, solute alloying elements segregate at the austenite grain bound- 
aries. During subsequent tempering at 700 K or higher, impurity elements such 
as phosphorus and antimony segregate to the prior austenite boundaries and 
thereby produce a structurally weakened region. 
and 38) that the severity of embrittlement is accentuated by large austenitic 
grains are in accordance with the present results. 
alent to small grain boundary area. Therefore, for a given level of impurity 
elements, the larger the grain size, the more effectively will these impurities 
be capable of saturating the grain boundary regions. 
present investigation has a lower phosphorus content than steels used earlier 
(refs. 31 to 351, and the class A specimens with austenite grain size 8 were 
practically free of this embrittlement. 
thus appears to exist in 300M steel, and it is somewhere between ASTM grain 
sizes 5 and 8. This argument is supported by the fact that the toughness re- 
sponse of the step-quenched specimens was strikingly similar to that of speci- 
mens quenched directly from 1477 K (220OO F). This result indicates that the 
austenitic grain size rather than some indirect effect from the austenitizing 
treatment governs the potential for embrittlement. Similar observations were 
made by Woodfine (ref. 38). 

Previous reports (refs. 36 

Large grain size is equiv- 

The steel used in the 

A cutoff grain size for embrittlement 
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Because the ellipso 
toughness in the class A 
after 1 hour at 1255 K (1 
austenitizing region bet 
were austenitized at a variety of time 
to determine the lowest austenitizing 
particles. Austenitizing times of as 
did not dissolve the particles, nor did 1 hour at 1172 K (16500 F). 
1 hour at 1200 K (1700O F) eliminated most of the 
and this temperature were selected for 
toughness determinations. Toughness was evaluated as before using the 0.0127- 
meter (0.5 inch) sample thickness. 
heat treatment resulted in behavior which was intermediate between class A 
and class B material. The data scatter was greater than expected, and no rea- 
son could be found to explain it from either the test procedures or the heat 
treatment. Possibly, the incidence of undissolved second-phase particles was 
critically sensitive to composition and varied between samples enough to cause 
the observed wide scatter in toughness. Times longer than 1 hour at the aus- 
tenitizing temperature or a slightly higher temperature might have reduced 
this scatter in toughness. 

The results in figure 14 show that this 

SELECTION OF HEAT TREATMENTS 

From the present results, one can select heat treatments that optimize 
yield strength and toughness. Figure 15 shows one way in which this may be 
done. Here, the fracture toughness has been plotted against the yield 
strength for all the data available from the 0.0127-meter (0.5 inch) tests. 
The crosshatched region was arbitrarily drawn for illustrative purposes to 
show those heat treatments that would produce yield strength of at least 1550 
MN/m2 (225 ksi) and toughness of at least 82.4 MN/m3I2 (75 ksi6.1. One' 
should note that several heat treatments fall within the hatched region, but 
the conventionally recommended treatment does not. 
figure that high strength does not necessarily imply low toughness nor the con- 
verse. 
contribution of second-phase-particle dissolution to toughness is the dominant 
factor. However, advantage could be taken of the contribution of the grain 
size to toughness, and it is recommended that 30OM steel generally be austen- 
itized at the highest possible temperature. However, one should be aware of 
several probl attending the use of high austenitizing temperatures, elabo- 
rated by Ritc Not all large structures can be easily 
'fast quenched from temperatures higher than 1373 K (20120 F) without the pos- 
sible occurrence of quench cracking from thermal stress. Furthermore, if the 
cooling rate is excessively slow, the improvement in toughness is greatly re- 

to dissolve sulfides and if the quenching rate is insufficient to suppress 
their precipitation on austenite grain boundaries, then toughness and resist- 
ance to fatigue growth will be significantly reduced. 

One can also see from this 

From earlier discussion in this paper, it could be inferred that the 

and Knott (ref. 31). 

Finally, if the steels are austenitized at a temperature high enough 

This last problem has 
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been termed "overheating." Because of this last consideration, Ritchie and 
Knott recommended that the austenitizing temperature not exceed 1423 to 1473 
K (2101O to 2192O F). Tempering above 589 K (600O F) should be avoided since 
larger grain sizes aggravate the intergranular failure. 

SUMMARY AND RECOMMENDATIONS 

The tensile strength and the plane-strain fracture toughness resulting 
from a variety of heat treatments were evaluated. Measurements taken over a 
wide range of austenitizing and tempering temperatures showed that the con- 
ventional austenitizing temperature of 1144 K (16000 F) results in a penalty 
in toughness performance. Results of microstructural studies performed in 
parallel with the mechanical tests indicate that the lower toughness was prob- 
ably caused by a second-phase precipitate particle which does not dissolve 
at 1144 K (1600O F) but appears to dissolve readily at 1255 K (1800O F) and 
above. 

In cases requiring the optimum in both strength and toughness, it is 
recommended that austenitization be performed at 1255 K (1800O F) or higher 
and that tempering be performed in the range 477 to 589 K (4000 to 6000 F). 
Limited supplementary tests indicate that austenitizing at 1200 K (17000 F) 
improves toughness substantially, but with some scatter in performance. It 
is also recommended that alloy manufacturers investigate modifications to 
the composition or processing of 300M steel (e.g., possibly by normalizing 
at 1266 K (18000 F)) to eliminate the second-phase particles seen here. 
refinement would improve toughness without requiring austenitization at ex- 
cessive temperatures. 

This 

Lyndon B. Johnson Space Center 
National Aeronautics and Space Administration 

Houston, Texas, May 22, 1978 
953-36-00-00-72 
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TABLE I.- MECHANICAL PROPERTIES OF 0.0127-METER (0.5 INCH) 
THICK BAR STOCK OF QUENCHED AND TEMPERED 300M STEEL 

Austenitizing Tempering Yield U1 t ima t e Plane-strain 
temperature, temperature, strength, strength, fracture toughness, 

K (OF) K (OF) MN/m2 (ksi) MN/m2 (ksi) MN/m3l2 (ksifi.1 

1144 (1600) As quenched 1364 (198) 
477 (400) 1516 (220) 
560 (550) 1584 (230) 
589 (6002. 1624 (236) 
700 (8004 1378 (200) 
811 (loo@ I; 1364 (198) 

1255 (1800) As quenched 1343 (195) 
477 (400) 1564 (227) 
589 (600) 1619 (235) 
700 (800) 1512 (234) 
811 (1000) 1398 (203) 

1366 (2000) As quenched 1267 (184) 
477 (400) 1522 (221) 
589 (600) 1619 (235) 
700 (800) 1577 (229) 
811 (1000) 1398 (203) 

1477 (2200) As quenched 1322 (192) 
477 (400) 1550 (225) 
589 (600) 1591 (231) 
700 (800) 1564 (227) 
811 (1000) 1433 (208) 

2273 (330) 
1956 (284) 
1874 (272) 
1894 (275) 
1701 (247) 
1529 (222) 

2129 (309) 
1998 (290) 
1929 (280) 
1736 (252) 
1591 (231) 

2301 (334) 
1984 (288) 
1929 (280) 
1839 (267) 
1564 (227) 

2239 (325) 
1963 (285) 
1881 (278) 
1667 (242) 
1626 (236) 

39.5 (36) 
58.2 (53) 
69.2 (63) 
62.6 (57) 
65.9 (60) 
97.8 (89) 

47.2 (43) 
82.4 (75) 
78.0 (71) 
61.5 (56) 
81.3 (74) 

45.0 (41) 
87.9 (80) 
84.6 (77) 
54.9 (50) 
68.1 (62) 

48.3 (44) 
90.1 (82) 
86.8 (79) 
58.2 (53) 
62.6 (57) 
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TABLE 11.- MECHANICAL PROPERTIES OF 0.0254-METER (1.0 INCH) 
THICK BAR STOCK OF QUENCHED AND TEMPERED 300M STEEL 

Austenitizing Tempering Yield U1 t ima t e Plane-strain 
temperature, temperature, strength, strength, fracture toughness, 

K (OF) K (OF) MN/m2 (ksi) MN/m2 (ksi) MN/m3/2 (ksifi.1 

1144 (1600) 

1255 (1800) 

1366 (2000) 

1477 (2200) 

A s  quenched 
477 (400) 
560 (550) 
589 (600) 
700 (800) 
811 (1000) 

A s  quenched 
477 (400) 
589 (600). 
700 (800) 
811 (1000) 

A s  quenched 
477 (400) 
589 (600) 
700 (800) 
811 (1000) 

A s  quenched 
477 (400) 
589 (600) 
700 (800) 
811 (1000) 

(a) 
1399 (203) 
1564 (227) 
1598 (232) 
1399 (203) 
1357 (197) 

1247 (181) 
1454 (211) 
1550 (225) 
1378 (200) 
1406 (204) 

1261 (183) 
1309 (190) 
1530 (222) 
1399 (203) 
1378 (200) 

1178 (171) 
1309 (190) 
1502 (218) 
1543 (224) 
1378 (200) 

(a) 
1977 (287) 
1860 (270) 
1840 (267) 
1723 (250) 
1550 (225) 

2232 (324) 
1971 (286) 
1929 (280) 
1723 (250) 
1578 (229) 

2067 (300) 
2026 (294) 
1888 (274) 
1743 (253) 
1516 (220) 

2019 (293) 
1860 (270) 
1860 (270) 
1509 (219) 

49 (45) 
58 (53) 
66 (60) 
62 (56) 
62 (56) 
99 (90) 

49 (45) 
75 (68) 
78 (71) 
56 (51) 
78 (71) 

45 (41) 
80 (73) 
77 (70) 
56 (51) 
66 (60) 

52 (47) 
86 (78) 
81 (74) 
56 (51) 
62 (56) 

-~ 

aSpecimen failed before test. 
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TABLE 111.- EFFECT OF AUSTENITIZING 
TREATMENT ON AUSTENITIC GRAIN SIZE 

.- 
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0 

Figure 1.- Effect of tempering temperature on the plane-strain fracture 
toughness of 300M steel at four austenitizing temperatures. 
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Figure 2.- Effect of tempering temperature on the 0.2-percent tensile yield 

strength of 300M steel at four austenitizing temperatures. 
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(a> Bright field image showing martensitic substruc- 
ture. Autotempering is evident in the laths. An 
undissolved particle is indicated by arrow. 

(b) Dark field image of a ( 2 0 0 ) ~  reflection reverses 
the contrast of the austenite at the interlath 
boundaries. 

Figure 8.- Bright field and dark field images of 
300M steel specimen austenitized and quenched from 
1144 K (1600O F>. 
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(a) Bright field image showing martensitic substruc- 
ture. Precipitation of cementite not obvious. 

(b) Dark field image, in which imaging of a cement- 
ite reflection reveals cementite precipitates. 

Figure 10.- Bright field 'and dark field images of 30OM 
steel specimen austenitized and quenched from 1144 K 
(1600O F) and double tempered at 700 K (800O P). 
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Figure 12.- Series of optical micrographs and scanning fractographs 
i l lustrating the fracture morphology of heat-treated and tested frac- 
ture toughness specimens. Optical micrographs are included for grain 
s ize  reference. 
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(a) Fractograph. Outlined area is shown in 
figure 13(b). 

(b) Further enlargement of undissolved particles 
visible in figure 13(a). 

Figure 13.- High-resolution fractograph showing 
concentration of undissolved particles on quasi- 
cleavage region of the fracture surface of a 
class A specimen austenitized at 1144 K (16000 F) 
and double tempered at 589 K (600O F). 
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